Skewered Iron(III) phthalocyanine conducting polymer can be constructed with the utilization of axial thiocyanato ligands (( -thiocyanato)(phthalocyaninato)iron(III)); ([Fe III (Pc)(SCN)] ) thereby creating additional avenues for electron transport through a linear SCN bridge, apart from the intermolecular -orbital overlap between the Pc molecules. In this paper, we report on the conversion of bulk [Fe III (Pc)(SCN)] polymeric organic conductor into crystalline nanostructures through horizontal vapor phase growth process. The needle-like nanostructures are deemed to provide more ordered and, thus, more -interactive interskewer [Fe III (Pc)(SCN)] polymer orientation, resulting in a twofold increase of its electrical conductivity per materials density unit.
Introduction
Phthalocyanines (Pc; Scheme 1) with metal centers (MPc) are considered to be one of the most promising organic conductors because of its flat and fully conjugated structure that provides facile intramolecular -electron delocalization. Furthermore, the face-to-face stacking of MPcs paves the way for intermolecular -electron overlap, leading to intermolecular electron transport [1] .
The versatility of MPc as building blocks for molecular conductors can further be utilized through the attachment of axial ligands to its metal center (octahedral) which would result in either slip-stacked arrangement [2] or a "shishkebab" polymeric form [3] [4] [5] . The electrical conduction of slip-stacked MPc units highly depends on its arrangement in solid-state which is mainly due to the effectiveness of its intermolecular -orbital overlap/interaction (Scheme 2(a)) [6, 7] , while the polymerization of MPcL 2 through axialligand (bidentate) bridge extends the highly delocalizedelectron of the macrocycle by forming linear -electron containing organic molecules, resulting in additional stacking dimension for the -electron transport, and thereby minimizing dependence on solid-state orientation (Scheme 2(b)) [8] . Furthermore, the introduction of a bridging ligand not only improves the geometry of the Pc's leading to an increase of electrical conductivity but also induces a doping effect and modulation of electron transport due to ligand field effect, wherein electron delocalization is inversely proportional to the axial/bridging ligand energy [9] . Thus, polymerization through the linear and relatively low-energy SCN axial/bridging ligands extends the molecule's system by creating linear conduction pathway through the Fe-SCNFe spine. Nanosynthesis of bulk Pcs was shown to increase the electrical conductivity of molecules [10] . In a recent study, FePc was converted into nanostructure via the newly developed horizontal vapor phase growth (HVPG) technique [10, 11] . The nano-FePc was found to have twice the conductivity of the bulk FePc [10] . Nanosynthesis of FePc makes the adjacent Pcs more closely packed and have orderly solidstate arrangement, making the electrons freely move thereby creating efficient electronic transport systems [12, 13] .
In this study, we explore on the possibility of further increasing the electrical conductivity of the [Fe III (Pc)(SCN)] polymeric system through its conversion into nanostructures. Molecular characterizations are done by UV-Vis spectroscopy and FT-IR spectroscopy analyses, while the morphological images were characterized by Scanning Electron Microscope (SEM), elemental composition is analyzed by Energy Dispersive X-Ray (EDX), and the electrical conductivity is measured using van der Pauw (4-probe) method.
The resulting nanostructured [Fe III (Pc)(SCN)] provide multidimensional -electron transport in the Pc molecule by adopting the enforced tetragonal packing that further increases the stacking dimensionality by producing intra-and inter-(skewer) -orbital interactions (Scheme 3), thus, the higher electrical conductivity. This technique may serve as a facile and convenient method for increasing the conductivity of organic polymers with similar linear architectures, for which it may be considered as a promising class of molecular conductor. 2 . The synthesis of dichloro(phthalocyaninato)iron(II) [Fe(Pc)Cl 2 ] was done through a previously reported procedure [14] . FePc (2.84 grams, 5 mmol) was suspended in 50 mL nitrobenzene. Then, 5.07 mL (70.0 mmol) thionyl chloride, SOCl 2 , was subsequently added to the reaction vessel. The mixture was refluxed at 70 ∘ C in N 2 atmosphere for 3 hours with constant stirring. Then, the mixture was cooled and filtered and the blue-black product was washed with ethanol and allowed to dry. The reaction yielded 2.493 grams of product (78% yield).
Methodology

Synthesis of Fe(Pc)Cl
Synthesis of K[Fe Pc
synthesized using a reported procedure [15] . Fe III (Pc)Cl 2 (1.92 grams, 3.0 mmol) was added to 6.03 grams (62 mmol) potassium thiocyanate, KSCN. Then, 100 mL acetone was added and the mixture was stirred for 72 hours at room temperature in N 2 atmosphere. The thick suspension was vacuum filtered and was washed with cold distilled water and ethanol. The reaction yielded 1.39 grams of dark blue powder (64% yield).
Synthesis of [Fe (Pc)(SCN)] n .
[Fe III (Pc)(SCN)] was synthesized using a previously reported bridged MPc polymerization method [15, 16] . K[Fe III (Pc)(SCN) 2 ] (0.28 grams, 0.3869 mmol) was suspended in 140 mL distilled water and was refluxed at 95 ∘ C with constant stirring for 14 days. This produced a green-black suspension and was filtered through gravity filtration. The reaction yielded 0.115 grams of black powder (47% yield). SEM. Thus, through the SEM (JEOL 5310), the surface of the sample was first viewed, and a flat, uniform smooth surface was chosen for the EDX analysis.
Characterization. FePc, K[Fe
Nanostructure Synthesis.
The HVPG technique employed 10-inch silica oven heating tubes and silicone Orings for the vacuum sealing and nanostructure synthesis. An oxygen-fuel torch was used to seal the tubes, while the Thermionics Vacuum System was used as vacuum. The baking was done in a conventional tube furnace [11] at 400 ∘ C for 4 hours. A representative visible deposit from the baked tubes was obtained and chemically characterized with UV and IR analyses by using the same sample preparation and instrumental conditions used in its bulk counterpart. Then, its morphology was analyzed using SEM and the elemental analysis by EDX. A representative piece of silica tube with visible deposit was obtained and placed in a gold stage plate and the same sample preparation and instrument conditions used by its bulk counterpart were also applied to the baked sample.
Electrical Resistivity.
The set-up for the van der Pauw (4-probe) method [17] for the conductivity measurement includes Lodestar PS-303 DC power supply, switch board, Fluke 115 digital multimeter, and Keithley 224 programmable current source (range: 5 nA-100 mA).
The measured. The samples (0.60 g) were compressed into pellet using a hydraulic press (10 3 psi) that produced approximately 5 mm diameter homogenous pellet sample. The pelletized sample was placed on a printed circuit board (PCB), which was connected to the switch board.
Results and Discussion
The Fe central metal in FePc has a 2+ oxidation state which results in a square planar configuration. However, an octahedral metal center is needed to accommodate diaxial ligands. Thus, the oxidation of Fe from 2+ (trigonal bipyramidal) to 3+ was done by oxidative chlorination of FePc using SOCl 2 . SOCl 2 forms SCl 2 , SO 2 , and Cl 2 at room temperature and further increases its decomposition at elevated temperature under inert atmosphere. The synthesis was done under N 2 gas atmosphere since SOCl 2 reacts with water vapor forming SO 2 and HCl. The resulting dark blue solution was vacuum filtered and washed with ethanol to remove the solvent nitrobenzene. The dried product was blue-black powder.
K MPc complexes are absorbed at two main wavelengths: 300-350 nm (Soret Band) and 600-700 nm (Q-Band). K[Fe III (Pc)(SCN) 2 ] was analyzed using UV-Vis spectroscopy and was compared to the planar FePc, as shown in Figure 1(a) . UV-Vis analysis was done to ensure the integrity of the phthalocyanine ring. The results confirm the presence of an intact Pc ring as shown by intense bands at 300-400 and 600-700 nm, which were attributed to the - * and - * transitions, respectively. Further, K[Fe III (Pc)(SCN) 2 ] show a shoulder peak characteristic to ligated MPcs at around 430 and 600 nm, which is due to the metal-ligand charge transfer band that confirms the attachment of axial ligands to the complex (Figure 1(b) ) [8] . SCN) ] wherein the bands from 1500-1700 cm −1 correspond to the aromatic C=C stretch of the Pc unit. More importantly, the bonding type of axial thiocyanate ligands has been established in the 2000-2200 cm −1 region, wherein it is generally observed that a broad and strong signal signifies metal-N-bonded compound while a weak and sharp peak shows metal-S-bonded compound [18] . The 2071 cm S-bonded and N-bonded thiocyanate ligand, signifying that the CN valence frequency is a bridging thiocyanate, as it has been reported that the CN valence frequency increases from free thiocyanate to metal-N, metal-S, and bridged species [18] [19] [20] SCN) ] revealed elemental presence of iron, carbon, and nitrogen from the FePc unit, as well as sulfur which is derived from the axial SCN ligand. Figure 3 shows the SEM images of (a) powder and (b) baked FePc. Bulk powder FePc appears to be a rocky dense solid with rough texture. On the other hand, baked FePc formed needle-like nanocrystalline structures thus confirming the morphological conversion of FePc by HVPG technique in an evacuated tube at 400 ∘ C. (Figure 4(a) ). The bulk polymer [Fe III (Pc)(SCN)] appeared as "thin sheets," confirming the morphological conversion into nanocrystalline structures by baking the sample at 400 ∘ C (Figure 4(b) ). As shown in Figure 5 , the UV analysis of nanostructured [Fe III (Pc)(SCN)] shows absorption at 350 and 650 nm corresponding to Soret and Q-bands, respectively, which are the characteristic Pc ring absorption wavelengths, including the presence of the shoulder peak at around 600 nm which is SCN) ] was determined using the 4-probe van der Pauw method. The sample was mounted in a printed circuit board (PCB) with four thin Ag wires symmetrically attached to the four points of the sample. The PCB wires were attached to its corresponding slot in the switch board. The switch board served as a control as to which points the current and its corresponding voltage reading will pass through. Current (5.0 × 10 −4 mA) was allowed to pass through on one side of the sample and its corresponding voltage on the opposite side was recorded. ). This is mainly because of the more orderly solid-state arrangement of the nanostructured polymer, resulting in a better and more efficient multidimensional electron transport.
The sample thickness was calculated using a viewing scope that was connected to the computer from which a screen caliper was used to measure the thickness of the sample. The radius of the pellet was measured using a conventional vernier caliper and the corresponding calculations were done for the determination of the sample density. As shown in Table 3 , the density was calculated to be around 0.40-0.41 g/cm 3 for the two samples. The data can also be interpreted that only half the amount of nanostructured [Fe III (Pc)(SCN)] material is required to achieve the same electrical conductivity of bulk [Fe III (Pc)(SCN)] which is an important attribute for miniaturization and optimization of electronic devices.
Conclusion
The transport of electrons in bridged MPcs can be further enhanced with the conversion of its bulk form into nanocrystalline structures. The skewered phthalocyanine conducting polymer [Fe III (Pc)(SCN)] can be converted into crystalline nanostructures via horizontal vapor phase SCN) ] polymeric system provides a more efficient, multidimensional -electron transport system which can be a promising class of organic conductors.
